ABSTRACT A multilevel calculation of the hydrogen spectrum by Skumanich and Lites, followed by a two-level representation of each transition, shows that all the solar Lya photons are created in an optically thick layer in the high chromosphere above t 0 ae 10 2 (t 0 denotes the optical depth at line center). Below this depth they conjecture that the Lya line is fed only by multiple scatterings of photons which have penetrated down from the creation region. Here the source function decreases inward, first very slowly and then as the inverse of the line optical depth until it thermalizes to the Planck function at t 0 ä 10 7 . The change in slope occurs at t 0 « 10 5 . We give a simplified model that demonstrates the penetration of Lya into the lower chromosphere below the creation region, i.e., for t 0 > 10 2 . The hydrogen atom is treated as a two-level atom and the lower chromosphere as a .semi-infinite medium free of primary sources but illuminated by an isotropic and frequency independent radiation field at its "boundary," i.e., at t 0 « 10 2 . A second-order escape probability approximation yields a simple analytical expression which accurately reproduces the behavior of the Lya source function for 10 2 < t 0 < 5 x 10 6 provided the destruction probability, e is set close to 10 ~6. This value agrees quite well with that obtained by Skumanich and Lites for the Lya destruction probability in the middle and low chromosphere. We indicate how the simplified model can be used to estimate the behavior of Lya for other situations.
I. INTRODUCTION Efficient methods are now available for solving multilevel non-LTE transfer problems in stellar atmospheres in the approximation of complete frequency redistribution (Auer and Mihalas 1969; Scharmer and Carlson 1985) . Once such a solution is obtained it is desirable to understand how all the line and continuum transitions are formed. Recently Skumanich and Lites (1985, 1986; henceforth SL85 and SL86) , introduced such a " posttreatment " analysis. Each transition is cast into an equivalent two-level form, namely, the source function for a transition (lu) is written as Slu = (1 -CbudJiu + Qiu ,
(1) where / Zu is a suitable frequency-angle average of the line radiation field. The parameter Q lu represents the primary sources of photons for the transition. It includes all the possible paths by means of which the atom reaches the upper level u from the lower level /, except the direct absorption from level / to level u. The parameter co ul is a generalized destruction probability also called the deexcitation or sink term. It represents the probability that upon absorption the atom will reach lower level by any means except a direct radiative transition. The parameter cb ul also defines the "migration" or "thermalization length," referred to in SL86 as the photon "range" which is denoted 1 The National Center for Atmospheric Research is sponsored by the National Science Foundation.
2 Observatoire de Nice is supported by the Centre National de la Recherche Scientifique.
there by i r . For complete frequency redistribution t r scales like 1/co 2 for a Lorentz profile and l/[co(-ln cb) 1/2 ] for a Doppler profile. The ratio QiJd) ul plays the role of the Planck function in the standard two-level problem. It is also called the "effective" Planck function or "saturation" function. The parameters and co ul are computed numerically from the statistical equilibrium equations once the full solution of the multilevel transfer problem has been obtained. Skumanich and Lites found that the use of the standard form of the statistical equilibrium (SE) equations, i.e., with averaged radiation fields, may, in fact, mask the intrinsic sources and sinks. They argue that "driving" transitions, which are optically thick, should be treated in a "diffusive" manner (SL86, p. 430). This allows for the near equality of the (averaged) radiation field and its relevant source function and yields a reduced or flux divergence form for the relevant radiation term in the SE equations. Computations of Q lu and oe ul with these reduced terms yield a more direct interpretation of the sources and sinks. a) A T wo-Level Representation of Lyman ct Skumanich and Lites (1986) have applied their method to the formation of the hydrogen spectrum in the solar chromosphere, as represented by the VAL3C solar model (Vernazza et al. 1981) . The hydrogen atom is modeled by a five-level atom plus continuum, with the approximation of complete frequency redistribution in the lines. The multilevel problem is solved by a complete linearization method. In SL86 the Lya line was shown to be collisionally excited in the " plateau " region and radiatively "pumped" by Lyß below the plateau. However, when Lyß is treated "diffusively," Skumanich and Lites (1988, hereafter SL88) , find that the Lyß pumping becomes negligibly weak in comparison with collisional excitation. In addition, the destruction probability drops to approximately its collisional value. Their reduced parameter Q and the resulting saturation function Q/co of the Lya line are given in Figure 1 as function of the line center optical depth t 0 (this figure is to be contrasted with Fig. 1 in SL86) . We have also plotted the line source function S' and the Planck function B in Figure 1 . To check the consistency of the two-level atom representation of Lya we have solved the line transfer equation with these reduced values of Q and co. The two-level source function thus obtained agrees with the "exact" source function given in Figure 1 by the multilevel calculation to within a few percent.
A striking feature in Figure 1 is the drastic decrease of the creation term Q at the optical depth t 0 = t* Ä 2 x 10 2 . Here defines the characteristic thickness of the source region (see SL86). In the Lya plateau region (t 0 < t$), which coincides with the temperature plateau at 2 x 10 4 K, Q is essentially a constant so that the behavior of the source function is that for a uniform medium. This means that in the plateau, the source function increases like t¿ /2 and then reaches its maximum at z 0 = z*/2 « 10 2 . This scaling law is characteristic of a twolevel atom with complete Doppler frequency redistribution (Skumanich 1966; Ivanov 1973; Frisch 1980 ). Thus a reasonable approximation of the source function in the plateau is S(t 0 ) « S(0)(1 + t 0 ) 1/2 , where S(0) is the surface value of the source function. Our scaling holds for t 0 < 10 2 and represents S¿ in Figure 1 with an accuracy of ~ 30%.
b) Penetration Model
Below the plateau, the source function lies above the Planck function and the saturation function Q/cb and decreases inward. It thermalizes to the Planck function at t 0 ä 10 7 . The very small value of Q and the behavior of the source function below the plateau suggest that the Lya radiation field is dominated by the penetration of the photons created in the plateau region and scattered back toward the photosphere (see SL86, p. 426).
We show in this paper that the behavior of the Lya source function below the plateau can be reproduced quite accurately by a very simple penetrative model. The subplateau region is considered as a semi-infinite medium with no primary sources but illuminated by an incident radiation field, F, independent of frequency and direction. The choice of this incident field is dictated by the fact that the Lya radiation field is almost isotropic and independent of frequency up to several Doppler widths for t 0 » tJ. We again treat the Lya line in the two-level formalism, with Doppler complete frequency redistribution. The probability of collisional destruction denoted by e is assumed to be depth-independent. We show in the next section that this model, used in conjunction with an escape probability approximation, leads to a very simple expression of the source function which reproduces remarkably well the results of the multilevel calculations. This expression depends on the three parameters tJ, F, and e, which are easily extracted from the multilevel calculation. Actually, the value of these coefficients may also be deduced a priori from the solar model and the observed Lya profile, as is shown at the end of the next section. 
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IL CONSTRUCTION OF THE APPROXIMATION AND CONCLUSIONS
Transfer in a semi-infinite medium illuminated by an incident flux F can be recast into a transfer problem with zero incident flux and primary "first collision" sources by introducing the diffuse radiation field defined by
where Y(n) is the Heaviside function. We use the standard notation where x is the frequency measured in Doppler width from line center, </>(x) is the absorption profile, fi is the direction, and t = t o /</>(0) is the frequency-average line optical depth. The source term S d (r) in the transfer equation for I d is equal to S(t), the source term in the equation for /, and satisfies S^t) = (1 -e) r.M 11 -t' I )S^W + (1 -c) I K 2 (t) . Jo 2 (3) The derivation of equation (3) may be found in Chandrasekhar (1960) or Ivanov (1973, p. 279) . We recall that the kernel K 2 is defined by and that
The primary source term in equation (3) is proportional to the probability that a photon incident at t = 0 is scattered for the first time at the depth x, without being collisionally destroyed. As in Ivanov (1973, p. 279) we use the relation
and introduce the quantity,
which satisfies an integral equation similar to equation (3) but with a uniform inhomogeneous term equal to -eF.
Various escape probability approximations have been introduced for complete redistribution transfer in a semi-infinite medium. Those of the second-order type, introduced by Ivanov (1972) and Frisch and Frisch (1975) (see also Rybicki 1984) , give accurate results at both large and small optical depths when the creation rate is depth-independent. In that case they give identical approximations. Applied to the integral equation for Si, they yield ' 8) According to this approximation S(t) should show two different regimes, depending on whether K 2 (t) is larger or smaller than €. Upon using the asymptotic form of K 2 at large t, we find that
and S(t) « F[1 -(er) 1/2 In (t) 1/4 ] for 1 < t < t £ , (11) where t £ « l/{e[-ln (€)] 1/2 }. Hence, S(t) should decrease slowly with t when 1 < t < t £ and roughly as 1/t when t > x £ . Figure 1 shows that these two different behaviors are indeed present below the Lya plateau.
The next test of the model is to examine whether there exists a value of e leading to a reasonably accurate approximation of S(t). For this purpose the approximation given by equation (8) has been calculated for several values of e using for the kernel K 2 the fast and accurate Padé approximants method set up by Hummer (1981) . The results are shown in Figure 2 with F set equal to 2.2 x 10" 7 ergs cm" 2 s" 1 sr" 1 Hz" 1 at rg = 2.2 x 10 2 [the scale in eq.
[8] was shifted by 2.2 x 1O 2 /0(O)]. The choice of e = 10" 6 gives a remarkably good agreement with the results of the solar multilevel calculation, up to t 0 = 2 x 10 6 . This approximation is thus valid over four decades in optical depth. At larger optical depths the source function thermalizes to the local saturation (Planck) function and the model breaks down. There is of course some arbitrariness in the choices of F and and hence in the determination of e. Typically the value of rg may be chosen between 10 2 and 3 x 10 2 , which is the region where Q shows the steep drop. For F, which is approximately given by the value of the source function at rg, the choice is between 2 x 10" 7 and 2.2 x 10" 7 ergs cm" 2 s" 1 sr" 1 Hz" 1 . The results of the approximation (8) are not very sensitive to the value of rg, provided it is chosen in the window given above. When F varies between the given values, the value of 6, which gives the best fit to the multilevel solution remains between 5 x 10" 7 and 10" 6 . The precision on the determination of e is thus of the order of 50%. It is worth remarking that this value of e is in good agreement with the reduced destruction parameter, cb, which stays almost constant at the value 2 x 10" 6 for 2 x 10 4 < t 0 < 2 x 10 6 . In this optical range t 0 is essentially controlled by collisional destructions (SL88). It is presumably the constancy of oe over a large neighborhood around the thermalization depth for the solar model which allows a representation of the source function with a single value of 6.
We now show that the values of the parameters t* and F may be deduced from the solar model and the observed Lya profile. The parameter is simply the position of the steep temperature gradient in the VAL3C solar model, i.e., the optical mass of the plateau. Figure 1 shows that 2 x 10 2 < < 3 x 10 2 . The parameter F = 5(tJ) may be estimated from the approximation S(t 0 ) = 5(0X1 + t 0 ) 1/2 with t 0 = r$/2 « 10 2 ; 5(0) is very close to the emergent intensity at line center and may thus be deduced from existing observations. 050-5 and rocket spectra give 2 x 10" 8 ergs cm" 2 s" 1 sr" 1 Hz" 1 for the line center intensity at disk center (Gouttebroze et al 1978; Basri et al. 1979 ; see also Vernazza et al. 1981) . We thus find F « 2 x 10" 7 ergs cm" 2 s" 1 sr" 1 Hz" 1 , which is in good agreement with the results of the full numerical calculations.
As for the parameter €, an a priori estimate requires knowledge of the ionization equilibrium, i.e., the electron density, in the low chromosphere. As SL86 have shown, this depends not ony upon the local hydrogen density but also upon the Lya radiation field which has penetrated to the low chromosphere (refer SL86, p. 428) as well as on the Balmer continuum from the underlying photosphere. Thus e has to be determined iteratively. An overly small initial estimate for e allows a larger penetrated Lya field and hence, for a given hydrogen density and Balmer continuum, produces an overcorrected (larger) iterate for e, and a small degree of penetration, and so forth. In essence, the degree of penetration adjusts itself to the given density and Balmer continuum model being investigated. In the case of the VAL3C model, the iteration on e would have converged to the value which we found necessary to fit the exact calculation. We have given in this paper two very simple analytic expressions for the Lya function with complete Doppler frequency redistribution, which hold in the high-temperature plateau region and the middle and low chromosphere, respectively. We have argued that the coefficients which enter into this parameterization may be extracted from a solar model and the observations of the Lya profile. These approximations should be very useful for various purposes, for instance, for the evaluation of the radiative losses in Lya or the calculation of the excitation and ionization state of chromospheres. They can also provide a good starting point for an exact multilevel calculation. We stress that they are based only on the fact that the true sources of the line photons are concentrated in the uppermost layers of the chromosphere. They can thus be used for any line showing the same phenomenon and for the formation of Lya in stellar chromospheres resembling the solar one and presumably for chromospheric flare models.
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